, were prepared and the electronic structure of the oneelectron oxidized species [1a-c] + were investigated in solution. The solid-state structures of 1a and 1b were solved by X-ray crystallography, and in the case of 1b an asymmetric UO2 2+ unit was found due to an intermolecular hydrogen bonding interaction. Electrochemical investigation of 1a-c by cyclic voltammetry showed that each complex exhibited at least one quasi-reversible redox process assigned to the oxidation of the phenolate moieties to phenoxyl radicals. The trend in redox potentials matches the electron-donating ability of the para-phenolate substituents. The electron paramagnetic resonance spectra of cations 
Introduction
Uranium is most commonly found as the uranyl ion (UO 2 2+ ; 5f 0 6d 0 ; U VI oxidation state), which is luminescent, 1 and the excited state is highly oxidizing (E° = 2.6 V vs. SHE) leading to interesting photooxidation chemistry. 2 The chemistry of the UO 2 2+ ion, with an emphasis on structural modification of the uranyl oxo ligands (O=U=O), and ligand coordination in the equatorial plane, has been previously reviewed. 3 The stabilization and reactivity of uranium, in the U III , U IV , U V and U VI oxidation states, has attracted much research interest in recent years. 4 Interest in the coordination chemistry of uranium is also due to the need for its safe extraction from soil and water, and stabilization of nuclear waste. For example, crown ethers, phosphorus oxides and salen-type ligands (salen = N 2 O 2 bisSchiff-base bis-phenolate ligands) have been investigated as ligating agents for the extraction of uranium. 5 Uranyl (as well as other f-block element) complexes incorporating equatorial Schiff base ligands have been recently studied, as these modular ligands provide a good match in terms of steric and electronic stability. 1,4c,5-6 The first uranyl salophen (phenylenediamine backbone) solid-state structure was reported in 2007, where a coordinating solvent molecule (DMF or DMSO) occupies the fifth equatorial position to afford an overall 7-coordinate complex. 7 It was further shown that in the presence of a noncoordinating solvent, the uranyl salophen complex exists in dimeric form. Uranyl salophen complexes have since been used in several applications including ion recognition of quaternary ammonium and iminium salts, fluoride, dihydrogen phosphate, chloride, formate and acetate. 8 Mazzanti and co-workers have pioneered the In many cases, metal-mediated activation reactions require redox processes to occur at the metal centre, unless redoxactive ligands are incorporated into the complex. 11 The use of redox-active ligands in combination with the uranium metal centre has shown significant promise in the field of redox transformations. 12 Bart and co-workers have recently investigated the reduction of uranium complexes containing redox-active ligands.
12d, 13 Specifically, reduced U III and U IV complexes, whose oxidation states are stabilized by the redoxactive ligands, 14 have been shown to undergo both reductive elimination 15 and oxidative addition, 15b,16 as well as C-F bond activation, showcasing the importance of the ligand system in supporting the uranium oxidation state.
17
Our group, as well as others, have extensively studied the ligand radical chemistry of tetradentate salens. 18 As an example, salophen metal complexes of Ni, 18d, 18o, 19 
Experimental

Materials and Methods
All chemicals used were of the highest grade available and were further purified whenever necessary. 13 C NMR spectra were recorded on a Bruker AV-400 instrument. Mass spectra were obtained on Bruker Microflex LT MALDI-TOF MS instrument. Elemental analyses (C, H, N) were performed by Mr. Paul Mulyk at Simon Fraser University on a Carlo Erba EA1110 CHN elemental analyzer. All EPR spectra were collected using a Bruker EMXplus spectrometer operating with a premiumX X-band (~9.5 GHz) microwave bridge. Low temperature measurements (20 K) of frozen solutions used a Bruker helium temperature-control system and a continuous flow cryostat. Samples for X-band measurements were placed in 4 mm outerdiameter sample tubes with sample volumes of ~300 μL. Samples were prepared in capillaries for EPR measurement at 298 K. 
Oxidation protocol
EPR sample preparation
Samples for EPR spectroscopy were prepared by taking an aliquot out of the immersion fiber-optic probe after 1 equivalent of [N (C 6 31 was used to analyze the unmodelled solvent (0.5CH 3 OH for 1a), however the final structure was not changed using these programs. All non-hydrogen atoms were refined anisotropically. All C-H hydrogen atoms were placed in geometrically calculated positions without further refinement. OLEX2's hadd algorithm was used to geometrically place some water hydrogens. All crystal structure plots were produced using ORTEP-3 and rendered with POV-Ray (v.3.6.2). CCDC numbers 1479739 and 1479740 were obtained for the two structures. A summary of the crystal data and experimental parameters for structure determinations are given in Table 1 .
Calculations
Geometry optimization calculations were completed using the Gaussian 09 program (Revision D.01), 32 the B3LYP 33 functional, the 6-31G(d) basis set (C, H, N, O) Uranyl acetate dihydrate (0.050 g, 0.12 mmol) was dissolved in methanol (10 mL) and was added to a solution of H 2 (Salophen) tBu ligand (0.065 g, 0.12 mmol) in methanol (10 mL). The colour of the reaction mixture changed from yellow to red immediately upon the addition of the metal precursor. The reaction solution was stirred for 5 h at room temperature, and the solvent was allowed to evaporate. The crude product was isolated as a brown solid. Recrystallization of 1a from a concentrated MeOH solution afforded dark red coloured crystals that were suitable for X-ray diffraction analysis. Yield: (0.097 g, 98%). Elemental analysis (%) calcd for 1a (C 36 13 C NMR (400 MHz, CDCl 3 ) δ 167. 9, 166.7, 164.9, 147.1, 137.3, 131.9, 130.3, 128.6, 124.5, 119.9, 35.4, 34.1, 31.7, 30.3 . 7717.6(6) 3107.9(2)
296 (2) 150 (2) Uranyl acetate dihydrate (0.050 g, 0.12 mmol) was dissolved in methanol (5 mL) and was added to a solution of H 2 (Salophen) OMe ligand (0.061 g, 0.12 mmol) in diethyl ether (5 mL). The colour of the reaction mixture changed from yellow to red immediately upon the addition of the metal precursor. The reaction solution was stirred for 5 h at room temperature, and the solvent was allowed to evaporate. The crude product was isolated as a dark red/brown solid. Recrystallization of 1b from a concentrated MeOH solution afforded dark red coloured crystalline solid. Crystals suitable for Xray diffraction analysis were obtained from slow evaporation of a concentrated CDCl 3 solution. Yield: (0.082 g, 85%). Elemental analysis (%) calcd for 1b (C 30 7.50-7.55 (m, 1H), 7.75-7.80 (m, 1H) , 9.65 (s, 1H). 13 C NMR (400 MHz, acetone-d 6 ) δ 29.3, 34.9, 55.0, 114.0, 119.9, 123.2, 124.2, 128.5, 141.5, 147.2, 150.6, 165.2, 166. (m, 1H), 7.73-7.78 (m, 1H) , 9.63 (s, 1H). 13 C NMR (400 MHz, acetone-d 6 ) δ 29.4, 35.1, 41.8, 117.6, 119.8, 123.6, 124.7, 128.2, 140.3, 142.8, 147.2, 166.7. 3 Results and Discussion
Synthesis and Characterization
The uranium complexes in this study (1a-c) were synthesized in moderate to good yields by metallation of the salen ligand precursors with UO 2 (OAc) 2 2H 2 O. The diamagnetic complexes (Scheme 1) were subsequently characterized by 1 H and 13 C NMR spectroscopy, elemental analysis, and IR spectroscopy. The data were consistent with expected structures, including binding of an additional water molecule (vide infra). Mass spectrometry (MALDI and ESI) was consistent with molecular ions without the additional water molecule. The  3 asymmetric O=U=O stretch for 1a-c was observed in the IR at 877 cm -1 , 881 cm -1 , and 890 cm -1 , respectively (Fig. S1) , and are within the range expected for the UO 2 2+ unit. 
X-ray Crystallography
Crystals suitable for X-ray diffraction analysis of 1a and 1b were attained by slow evaporation of concentrated MeOH and CDCl 3 solutions of the compounds, respectively and selected crystal data is shown in Table 1 . The structures of 1a ( Fig. 1) and 1b (Fig. 2) are similar and the geometry at uranium in each case is pentagonal bipyramidal including the tetradentate salen ligand, the two oxo ligands, and a water molecule. The tetradentate salen coordination sphere bond distances for 1a (U-N: 2.491(7) Å and 2.531 (7) . 19 The longer coordination sphere bond lengths for 1a and 1b lead to significant distortion of the salen ligand in both structures ( Fig. 1 and 2, insets) . The angles between the phenolate planes are 49° (1a) and 52° (1b), compared to the Ni derivative of 4.5°. 19 Other similar uranyl salen complexes have been reported to exhibit an analogous curvature of the ligand backbone in order to accommodate the long coordination sphere bond lengths and overall pentagonal bipyramidal structure. 
U(1)-N(1) U(1)-N(2) U(1)-O(1) U(1)-O(2) U(1)-O(3) U(1)-O(4) U(1)-O(5) O(3)-C(14) O(4)-C(16) 1a
a 2.531 (7) 2.491 (7) 1.787 (7) 
Electrochemistry
Cyclic voltammetry (CV) was used to probe the redox processes for 1a-c in CH 2 Cl 2 using tetra-n-butylammonium perchlorate ( n Bu 4 NClO 4 ) as the supporting electrolyte ( Fig. 3 and Table 3 ). A previous study on a series of UO 2 2+ salen complexes reported ligand radical formation from electrochemical analysis. 40a A quasi-reversible one-electron redox process was observed for 1a (Fig. 3A) . Scanning to higher potentials reveals a further irreversible redox process (Fig. S3A) . Two reversible one-electron redox processes were observed for 1b (Fig. 3B) , and scanning to higher potentials reveals a further irreversible redox process (Fig. S3B) . For 1c, the increased current intensity and large peak-to-peak difference (|E pa -E pc |) in the CV spectrum suggested that the observed spectrum was likely two separate one-electron redox processes (Fig. 3C) . Differential pulse voltammetry (DPV) was used to determine the redox potentials for the two redox processes at ca. 0 V vs. Fc + / Fc (see Fig. 3C , inset). The second derivative of the DPV curve affords two peaks with values of -30 mV and 90 mV (See Fig. S4 for Gaussian fitting and Fig. S5 for the second derivative curve). Please do not adjust margins
Please do not adjust margins
Electronic Spectroscopy
The neutral uranyl salophen complexes 1a-c exhibit phenolateuranyl ligand to metal charge transfer (LMCT) bands above 21 000 cm -1 , in agreement with previous reports (See Fig. 4) .
41a,51
Compounds 1a-c were chemically oxidized using the aminium radical oxidant [N (C 6 ) were observed upon oxidation. Oxidation of 1c (Fig. 4C) to new species (t 1/2 = 1.5 h and 1 h, respectively) with three and two isosbestic points observed respectively during decay ( Fig. S7B and  C) . Interestingly, the oxidized Ni analogue of 1a also displays a relatively weak NIR band, but at much lower energy (ε max = 3600 cm -1 ; Δ 1/2 ≥ 3700 cm -1 ), yet has been characterized as a delocalized radical system. 
Electron paramagnetic resonance
EPR spectroscopy was employed to further characterize the electronic structure of complexes [1a-c] + . The EPR spectrum of [1a]
+ at 20 K (Fig. 5A) exhibits a rhombic S = ½ EPR signal at g av = 1.997 (g 1 = 2.005, g 2 = 1.995, g 3 = 1.991), which is slightly lower in comparison to the free electron value (g e = 2.002). 53 This low g av value for the phenoxyl radical, in comparison to g e , can be rationalized due to interaction of the unpaired spin with the large spin-orbit coupling associated with the uranium nucleus (U 6+ ; 5f 0 6d 0 (C) in CH2Cl2 (black) with respective simulated spectra (red); (A) g1 = 2.005, g2 = 1.995, g3 = 1.991, gav = 1.997; Hstrain: 26.8076; (B) g1 = 2.004, g2 = 2.000, g3 = 1.993, gav = 1.999; Hstrain: 11.8160; (C) g1 = 1.997, g2 = 1.991, g3 = 1.997 gav = 1.995; Hstrain: 62.7626. Conditions: 1.0 mM; frequency, 9.38 GHz; power, 2.00 mW; modulation frequency, 100 kHz; amplitude, 0.6 mT; T = 20 K.
Theoretical calculations
The geometric and electronic structures of neutral 1a-c and oxidized [1a-c] + were further studied using density functional theory (DFT). The calculated metrical data for the coordination sphere bond lengths of 1a-b agree with the X-ray bond lengths within 0.05 Å ( (16)) (see Table 2 ). with a concomitant decrease in the phenylenediamine spin density (Fig. 6) . The increased localization of the spin density on the phenoxyl (NMe 2 > OMe > t Bu) showcases the effect the para-phenolate substituent on the overall electronic structure. + , the major difference being the increased IVCT character. This is manifested in the increased phenolate character in the donor orbital, and increased paraphenolate substituent character in the acceptor orbital ( Table  5 ). This increased IVCT character ( t Bu < OMe < NMe 2 ) in the oxidized complexes is likely responsible for the predicted blueshift in the low energy band, matching the experimental trend.
[1c]
+ exhibited an additional band at 18500 cm -1 , which is assigned to a transition localized on the phenoxyl unit (Fig. S9,  Table 5 ). Furthermore, we compared the computational results to [1a -c] + without the coordinated water molecule.
Interestingly, the spin density (Fig. S10) and TD-DFT predictions are essentially the same for [1a-c] + with or without the coordinated water molecule. Thus, based on our current experimental and theoretical results it is unclear if the water molecule remains bound upon oxidation, however, we expect the oxidized complexes to exhibit increased Lewis acidity due to weaker ligation of the phenoxyl moiety. 
Summary
In this work a series of uranyl salen complexes 1a-c have been synthesized with differing para-phenolate substituents to probe the effect of ligand electronics on the electronic structure of the oxidized forms [1a-c] + . The oxidized complexes are shown to be relatively localized ligand radical complexes, in which localization is enhanced as the electron donating ability of the para-phenolate substituents is increased (NMe 2 > OMe > t Bu). The relatively weak and broad low energy ligand CT transitions observed for [1a-c] + exhibit both intervalence charge transfer (IVCT) character and an additional contribution from the phenylenediamine backbone, providing further information on the localized ligand radical character of these oxidized uranyl complexes.
